Glycosaminoglycans (GAGs) 
INTRODUCTION
Until recently the main factor related to the onset of pathologies in mammals consisted of changes inherent to cells. The development of techniques in molecular biology brought about the analysis between cells and their environment: the extracellular matrix (ECM) -the tridimensional structure that makes up complex macromolecules that participate actively in cell functions and are able to interact between themselves and the cells, while keeping them together to warrant tissue organization and cell survival (Kresse and Schönher 2001; Heinegard 2009 ). Such characteristics form the matrix´s fundamental factors, mainly glycosaminoglycans (GAGs) and proteoglycans (PGs), as its principal elements up to its most varied metabolic processes. Current review acknowledges the importance of GAGs in the uterine and placenta tissues throughout the reproduction cycle and pregnancy, coupled to information on the involvement of the molecules in pathological processes.
EXTRACELLULAR MATRIX
The Extracellular Matrix (ECM) is composed of a set of macromolecular aggregates comprised of collagens, multi-adhesive glycoproteins, elastin, glycosaminoglycans (GAGs) and proteoglycans (PGs) (Kresse and Schönher 2001; Heinegard 2009) . Further, ECM contains growth factors, cytocines or chemotactic factors, degradation enzymes and cryptic peptides that are exposed by the peptide activities (Schenk and Quaranta 2003; Korpos et al. 2010) . ECM components interact between themselves and with cells. Interactions have an essential role in normal physiology and in many pathological events. The ECM in rats´ uterus is abundant during the estrum cycle and at the onset of pregnancy, but rare in decidualized areas. The endometrial extracellular matrix in humans has an important role in decidualization processes, implantation of the embryo, invasion of the trophoblast and in the maintenance of pregnancy (Iwhaashi et al. 1996) .
GLYCOSAMINOGLYCANS (GAGs)
GAGs are heteropolysaccharides widely distributed in mammals´ tissues and are formed by a basic structure of repetitive di-saccharide units with a hexosamine (glycosamine or galactosamine) linked to a non-nitrogenated sugar, uronic acid (D-glycuronic acid or L-iduronic acid) or a galactose. The polysaccharide chains are also called mucopolysaccharides due to the presence of viscose secretions. GAGs molecules are also present in all animal cells, with structural differences, depending on the original tissue or organism (Kjellen and Lindhal 1991) . Excepting the hyaluronic acid (HA), which is not sulfated and may be found freely in tissues, all the other GAGs are linked covalently to proteins and form proteoglycans (Berto et al. 2001) . The proteins are linked to GAGs chains in the Golgi structure in stages that comprise several enzymes. PGs are immediately transported by secretory vesicles and directed by intracell granules to the cell surface or to the extracellular matrix (Nelson and Cox 2008) . The proteoglycans (PGs) are important components of the cell surface and of the ECM. They individually interact with other components of the matrix, such as collagen, laminine and fibronectine, and also with growth factors and cytocines. These interactions may affect cell growth, migration, adhesion and cell differentiation whose functions seem to be dependent on the GAGs´ side chain (Merle et al. 1999; Schaefer and Schaefer 2010; Couchman and Pataki 2012) . The ability of proteins to link themselves to GAGs may be due to in vivo functional relationships. They include enzymes such as lipase lipoprotein, enzyme inhibitors (antithrombin), extracellular matrix proteins (fibronectine), growth factors, glycoprotein of viral lining, and others (Kjellén and Lindhal 1991) . Several authors have shown that glycosaminoglycans profile on the uterine tissue varies throughout the estrum cycle in animals and also in the menstrual cycle of primates. Since it differs throughout pregnancy and is directly related to its physiological functions in the tissue, it has recently been reported that it has a clinical role in medicine. The molecules act on cell recognition, migration, adhesion, proliferation and differentiation of the cells. In fact, it is directly or indirectly linked to the onset of tumors and metastases, in angiogenesis, in immunological reactions, in the development of follicles and in infertility (Dietrich 1984; Nasciutti et al. 2006; Li and Spillmann 2012; Malmström et al. 2012; Thelin et al. 2013 ). Due to their anionic features, GAGs are also involved in cation links (sodium, potassium and calcium, for instance) and in the retention of water in the tissues. They thus contribute towards the hydration of the extracellular matrix and in the molecular transport in the environment (Nelson and Cox 2008) . The main glycosaminoglycans in animals are chondroitin 4 sulfate, chondroitin 6 sulfate, dermatan sulfate (DS), heparan sulfate (HS), heparin (HE), keratan sulfate (QS) and hyaluronic acid (HA) which differ according to the type of hexosamine and non-aminated sugar, according to the degree and position of sulfatation and according to the type of glycoside bond (either α or β) (Fraser et al. 1997; Couchman and Pataki 2012) . Kramer and Yost (2003) ; Lin (2004) ; Häcker et al. (2005) showed the importance of GAGs and PGs in several experimental models. Current article comprises a review on the profile and the role of glycosaminoglycans in the uterus and placenta of mammals, according to the different phases of the reproduction cycle and pregnancy. 
Uterus
Female rats Cervix -GAGs: DS, HS and HA; -Greater amount of GAGs in the estrus phase; -DS predominant in estrus and HS in the proestrus.
Hormonal variation related to the estrus may affect the uterine cervix through the effect in the production of sulfate heparan and sulfate dermatan.
Female mices Cervix (pregnancy)
Relaxin (-/-) mice: lower Has2 and Aquaporin3 expression on day 18.5 of pregnancy and decreased cervical HA compared with wild-type Relaxin (+/+). Relaxin (-/-) mice treated with relaxin: Chronic infusion of relaxin for 4 or 6 days reversed these phenotypes and increased Has2 and Aquaporin3.
Relaxin alters aquaporin expression in the cervix and initiates changes in GAGs composition through increased HA synthesis. These actions of relaxin collectively promote water recruitment into the extracellular matrix to loosen the dense collagen fiber network. Soh et al. (2012) Female albino rats Cervix (pregnancy) Intracervical infusion of hyaluronidase: a significant reduction of CS/DS and HS. Reduction in HA staining in the lamina propria and the area surrounding the blood vessels. 
Myers et al.
Hormonal Influence in Gags Profile
GAGs in the uterus tissue are sensitive to hormonal variations that occur throughout the reproduction cycle. Variations may be linked to the physiological functions of these sugars (Kofoed et al. 1972; Kofoed et al. 1977; Simões et al. 2012 ).
The composition of glycosaminoglycan acids in rabbits´ uterus has been reported in several research works (Endo and Yosizawa 1975; Endo et al. 1978; Endo et al. 1980) . The molecules undergo concentration changes in the extracellular matrix of the endometrium and myometrium when androgens or progestogens are administered. It has been reported that GAGs levels in the endometrium of ovarioectomized female rabbits, under exogenous application of estrogen, mainly consisted of HS, followed by DS, HA and CS, sulfated glycoprotein and sialoglycoprotein (Endo and Yosizawa 1975) , whereas a higher concentration of CS occurred in the myometrium, followed by DS, HS, HA and sialoglycoprotein at lower concentrations (Endo et al. 1978) . Another analysis revealed that the effect of estrogen on GAGs is suppressed in animals treated with estrogen, followed by progesterone. Molecule concentration in the uterine tissue is reduced, mainly the concentration of acid glycoproteins. It may be surmised that that synchronized control of the metabolism of these glycoproteins are relevant in reproduction (Endo et al. 1980 ). An increase in sulfated GAGs in the uterus, especially the increase of CS and DS, occurs in female rats´ estrogen phase, whereas in the progesterone phase there is a slight HS increase. The high concentration of GAGs during estrum foregrounds the uterus´s macroscopic increase, since these molecules trigger tissue hydration and, at the same time, tissue hyperplasia (Cubas et al. 2010) . Studies on bitches during the anestrus phases or estrus and the comparison of GAGs rates in the fluids of the ampulla and isthmus of the uterine tubes and the lumen of the uterine horns showed that GAGs concentrations in these organs are greater in the bitches in the estrus when compared to those in the anestrus phase (Kawakami et al. 2000) . This is due to estrogen on the genital organs during the estrus cycle.
Another investigation reports that alterations of prolactin´s serum levels, similar to metoclopramide-induced hyperprolactinemia, triggers changes in endometrial GAGs composition and the decrease in serum levels of estrogen and progesterone during the estrus cycle in female rats. A thickness in the endometrium wall exists in hyperprolactinemia, followed by an increase in CS and DS synthesis in all the phases of the estrus cycle. It also causes the thickness of the uterus due to water retention (Gomes et al. 2013) . GAGs composition and levels are changed in pregnancy. They are of great importance in the uterine and placenta development, during birth and in the post-partum uterus involution, since their functions regulate the organization of the macromolecules of the extracellular matrix. Growth of the uterus and rigidity of the cervix occur at the onset of pregnancy. Later on, it becomes a flexible structure for the passage of the newly-born. At the end, GAGs levels are high when compared with the start of pregnancy and normally associated with HA increase (Golichowski et al. 1980; El Maradny et al. 1997) . It has been reported that HA concentrations in pregnant rats´ cervix were four-fold when compared to the start of pregnancy. This characteristic was co-related to the increase of the gene HAS2 transcription, positively affected by estrogen which, close to birth, is rather high. Increased HA synthesis and changes induced by hyaluronidase trigger alterations in the macromolecules of the extracellular matrix, with loss of traction resistance in birth (Akgul et al. 2012 ).
Other Functional Aspects of Gags
GAGs act directly on the fertilization and embryo implantation process in mammals. Studies on the fluid from the uterine tubes and lumen in mares in the pre-ovulation and post-ovulation phase showed that GAGs had a greater quantity in the pre-and post-ovulation phases and greater concentrations in the uterine lumen when compared to that in the uterine tube. Increase in GAGs concentration in the lumen of mares´ reproduction tract during the follicular phase of the estrus cycle foregrounds the hypothesis that these molecules may have a basic role in events associated with the ovule´s fertilization process (Varner et al. 1991) . GAGs and PGs are involved in the embryo implantation and in the decidualization process. Reports on female rats some days after copulation showed that versican (PG composed of CS/DS) and HA, prior to the embryo implantation, could be found in the endometrial stroma. When implantation occurs, the HA may be registered only in the peri-decidual region. At the same time, versican accumulates in the decidua area and indicates that the molecules participate in endometrial decidualization and/or in the implantation of the embryo (San Martin et al. 2003) . Research work with the reproduction tract of cows registered an increase in CS in the cervical mucus during estrus when compared to the cervical mucus during the di-estrus phase (Lee and Ax 1984) . The latter suggests that the molecules act in the spermatic capacitation process. Motility and spermatozoid capacity in cattle are effectively induced by the addition of CS, HA or HP due to the fact that they trigger functional changes in the cellular membrane of the male gamete (Mahmoud and Parrish 1996) , stimulate the absorption of calcium (McNutt et al. 1992 ) and the activation of intracellular cyclic AMP (Parrish et al. 1994) . GAGs are active in the process of the opening of the uterine cervix (Golichowski et al. 1980; El Maradny et al. 1997) . Cervical ripening is associated with loss of structural integrity and tensile strength, thus enabling the cervix to dilate at term. It is characterized by changes in glycosaminoglycan composition, increased water content, and a progressive reorganization of the collagen network (Soh et al. 2012) . Research works in pregnant women showed that HA concentrations are low, especially at the moment of birth. It is the occasion when an increase in the activity of metaloproteinases occurs (enzymes causing the degradation of the components of the extracellular matrix and basal membranes) which participate effectively in the tissue remodellation process and in the postpartum uterine involution. Changes in HA levels also promote an increase in the migration of leucocytes and the activation of the opening process of the uterine cervix (El Maradny et al. 1997) .
In cases of infections, the opening mechanism of the uterine cervix occurs due to the influx of neutrophils into the cervix, a robust proinflammatory response and increased expression of prostaglandin-cyclooxygenaseendoperoxide synthase 2, important in prostaglandin biosynthesis (Holt et al. 2011) . Alterations in GAGs composition of the uterine cervix in sheep throughout pregnancy show preparations for birth-giving. Changes in the extracellular matrix of the cervix may be biochemically observed in the third initial phase of pregnancy. They are detected by an increase in DS synthesis. Approximately around the 100 th day, a decrease in the amount of collagen fibers occurs, followed by a decrease in PGs and HA levels, together with a water increase in the tissue. Since several collagen fibers are destroyed, a release of cytocines occurs which stimulate the invasion of inflammatory cells in the cervix. The latter causes the release of enzymes with collagenase and proteinase activity (Fosang et al. 1984; Akins et al. 2011) . Endogenous enzymes alternatively may react to changes in the circulating hormones such as the decrease of post-partum progesterone. Endogenous enzymes may respond to changes in circulating hormones such as the reduction of prepartum progesterone and increase in estrogen, since these steroids have a stimulating activity to produce collagenase or an inhibitory activity to collagenolysis in vitro (Jeffrey et al. 1971) and in vivo (Halme and Woessner 1975) .
Placenta
Several research works have shown that PGs, GAGs and adhesion proteins have a remarkable effect on cell behavior and affect tissue proliferation and differentiation. The literature reports on amorphous material, a dense electron that easily stains by Schiff Periodic Acid (SPA), in the placenta´s maternal-fetal interface which varies throughout pregnancy and also among mammal species (Lovell et al. 1967; Calatroni and Di Ferrante 1969; Lee et al. 1973; Wasserman et al. 1983; Ott et al. 1997 ). It may be surmised that changes in the placenta tissue during the maturation process, mainly in the molecular composition and structure of GAGs in the tissue may give rise to an extracellular matrix with different physical characteristics. Changes may alter molecule transport through the placenta´s connective tissue and would affect directly the rate of fetal growth (Lee et al. 1973) , which varies at different pregnancy phases. The placenta contains two important types of PGs, or rather, PGs with the HS chain and PGs with CS and DS. The first type includes sindecan and perlecan (Jokimaa et al. 1998; Yang et al. 2005) , whereas the second includes decorin and biglican (Chen et al. 2007) . Several studies have shown that sindecan 1 is highly expressed in the syncytiotrophoblast region (Rajaraman 2009 ). Further, decorin lies in the stroma and surrounds the fetal blood vessels of the villous placenta (Swan et al. 2010) . On the other hand, biglican lies in the endothelium and in the smooth muscular cells of the fetal capillaries ). PGs and their GAGs side chains have an important anticoagulant activity to avert possible thrombotic events within the placenta. The HS chain bonds to the antithrombine activity by a sequence of pentasaccharides, whereas the DS chain bonds to heparin´s co-factor II. GAGs undergo a change in their conformation and thus facilitate the inhibition of thrombin and avert the formation of thrombus in the placenta (Giri and Tollefsen 2006) . It seems that GAGs and in particular CS and HA in ruminants may be involved in the formation of placentomes, a structure which is characteristic to the placenta, whose number is limited by the amount of fetal caruncles (Lee et al. 1973; Greiss and Wagner 1983) . At the onset of pregnancy, HA is the predominant GAG of the extracellular matrix of the placentomes, which seems to be restricted almost exclusively to the fetal villous mesenchyme. Concentrations of these GAGs increase throughout pregnancy and reach their lowest levels together with the structural maturing of the placentome and the acceleration of fetal growth. It is presumed that the mechanism that regulates HA levels during pregnancy determines the process of placenta maturation and fetal growth (Ott et al. 1997 ).
Researchers disagree with regard to the characterization of GAGs levels in the human placenta (Table 2 ). Some authors maintain that CS and HA on the placenta stroma are the main GAGs of the tissue, with a lower amount of DS and HS associated with fetal vessels and on the intervillous surface of the syncytiotrophoblast (Wasserman et al. 1983) . Localization of these GAGs reveals that CS and HA have an important role in the maintenance of the structural integrity of the placenta by avoiding tissue compression due to its affinity to water (Lovell et al. 1967) . At the same time, DS and HS would be involved in the process of blood homeostasis in sites where coagulation is risky (Wasserman et al. 1983; Said 2011; Chui et al. 2012) . Changes at GAGs levels with the maturation of the placenta would be related to the role of these molecules in the regulation of placenta transport. Lee et al. (1973) Human -Placenta during the first 3 months -Placenta at term -Main GAGs: CS and HA in the placenta stroma and DS and HS associated with fetal blood vessels and syncytial surface.
Maintenance of structural integrity and possibly in the blood homeostasis process. Wasserman et al. (1983) Human Placenta as from pre-eclampsia Significant difference in GAGs sulfatation pattern.
Possible bond between pre-eclampsia and changes in placental GAGs.
Warda et al. Reduced biglycan expression may contribute to placental thrombosis within the fetal vasculature, and may contribute to the pathogenesis of idiopathic FGR.
Murthi et al.
Ovine Placentoma Hyaluronic acid predominant in the initial phases and in mid pregnancy.
Regulating mechanism of hyaluronic acid which is determinant in the process of placental maturation and in fetal growth Ott et al.(1997) Human immature and at term placenta comprises HA, CS, non-sulfated chondroitin, DS, HS at different proportions and low QS levels. A higher amount of sulfated GAGs in the placenta at term has been reported when compared to the placenta at the initial phase (Lee et al. 1973) . Other studies register HA, chondroitin 6 sulfate and DS in the chorionic vilosity region, but do not report changes in the concentrations of the later throughout pregnancy (Lovell et al. 1967) . Studies on the placenta at term (Calatroni and Di Ferrante 1969) demonstrate that HA, chondroitin 6 sulfate, chondroitin 4 sulfate and a small amount of DS and HS are the polysaccharides that comprise the placenta´s extracellular matrix. The latter two trigger the formation of electro-chemical barriers: the former lies on the mesenchyme tissue between the maternal and fetal vascular structures, whereas the latter lie on the maternal and fetal sinusoid capillaries. This hyaluronidase-resistant double barrier guarantees a lasting and effective protection against the migration of immunocompetent cells from the mother to the offspring (Calatroni and Di Ferrante 1969) .
CONCLUSION
The extracellular matrix which for a long time has been thought to be an inert complex of macromolecules has been the focus of several researchers who began understanding the role of glycosaminoglycans and proteoglycans in the reproduction tissues. GAGs involvement in physiological processes has revealed that the molecules lie in the uterus and the placenta throughout the estrus and menstrual cycle and during pregnancy, with variable profiles among several animal species. Knowledge on the structure and composition of GAGs may be relevant for studies since they may be used as biomarkers and thus employed in the diagnosis and prognosis of pathologies of the female reproduction tract and in the choice of therapies.
